much broader scales of EUC core and no distinction of two branches of SEC. Overall, downscaling produces 261 a quite realistic simulation of equatorial currents and the cold tongue structure, which is a critical 262 requirement for studying dynamic instability and energetics of the equatorial ocean as discussed in Sections 263 4 and 5. 264
265
The annual mean SST in SCOAR is generally colder than observations throughout the domain, which may 266 be responsible for the underestimation of precipitation in the marine ITCZ (Figure 2f ). Generally, SCOAR 267 and CM2.1 share similar spatial patterns of annual rainfall climatology, including a hint of the secondary 268 ITCZ south of the equator. This indicates that the downscaled large-scale atmospheric circulation, unlike the 269 oceanic features that are distinct from those of global model, is largely determined by the boundary 270
conditions. 271 272
The top panel of Figure 4 shows the annual cycle of equatorial SST as a function of longitude and calendar 273 month. CM2.1 underestimates the cold tongue temperature during the upwelling season and overestimates it 274 during the boreal spring. The SCOAR captures realistic cold tongue temperature and its evolution, although 275 the boreal spring SST is too cold. The amplitudes of the equatorial annual cycle (Figure 4f ) are somewhat 276 overestimated in CM2.1 (solid blue line) [Breugem et al., 2006] and underestimated in SCOAR (shaded blue 277 line). 278 279
Global warming response 280
In order to examine the change in TIWs under global warming, one needs to consider the change in large-281 scale annual mean state first, as this change drives the adjustment in equatorial ocean variability and, in 282 particular, TIWs. 283 284
Annual mean and seasonal cycle 285
Under global warming, the annual mean changes in both CM2.1 (A1B-20C) and SCOAR (GW-CTL) show a 286 basin-wide warming pattern (Figures 5a,c) . Generally, SCOAR exhibits smaller warming in surface 287 temperature than CM2.1 partly due to the fixed concentration of greenhouse gases other than CO 2 in the GW 288 run and the stronger wind speed. Note that, despite the basin-wide warming, there are important spatial 289 patterns both in the global and regional models. For example, there is a reduced warming near the equator 290 and the coasts where ocean dynamics likely play a role in modulating SSTs. The reduced warming pattern is 291 more pronounced in the regional model, due to a more accurate representation of such ocean dynamical 292 processes as upwelling (Section 4.2). 293
294
In the equatorial Atlantic west of 30°W, both SCOAR and CM2.1 show that the change in net surface heat 295 flux is weakly negative (cooling the ocean). The negative net surface heat flux in this region is dominated by 296 a reduction of shortwave radiation and increased cloudiness (Figure 6 ), suggesting that the increased 297 convective clouds are partially responsible for the reduced warming in the western equatorial ocean. In the 298 central and eastern Atlantic (30-10°W), the change in net surface heat flux is positive in CM2.1 (Figure 5b) , 299 where the enhanced equatorial upwelling balances the increase in surface heat flux into the ocean [Xie et al., 300 2010] . On the other hand, SCOAR features a weak negative heat flux change. This different pattern of 301 surface heat flux change is due to the oceanic heat flux by TIWs that are energized in SCOAR, adding heat 302 to the cold tongue, an important feature that is not resolved in CM2.1 (Sections 4.3 and 5). 303
304
Rainfall generally increases (decreases) in the tropical Northeast (South) Atlantic (Figure 5d,b) . This large-305 scale asymmetric convective response would drive the cross-equatorial southerly flows [Lindzen and Nigam, 306 1987] . Note that the regional model produces a stronger response in this near-surface cross-equatorial 307 meridional wind than the global model because of its stronger coupling to the equatorial SST of the regional 308 model. This acceleration of the cross-equatorial wind would further enhance the magnitude of asymmetric 309 change in atmospheric convection in the regional model (Figure 5d ). The increase in cross-equatorial near-310 surface southerly wind has important consequences to the changes in vertical motions on the equator, as is 311 further discussed in Section 4.3. 312
313
The change in the annual cycle of cold tongue SST in CM2.1 is characterized by two peaks in reduced 314 warming in boreal spring (March) and boreal fall (August) (Figure 4d) . A strengthening of the equatorial 315 southeasterlies during the boreal spring in CM2.1 A1B appears to correspond to the reduced warming there, 316 while little change in wind during the boreal fall suggests that enhanced oceanic vertical heat transport is 317 locally responsible for the reduced warming over the cold tongue. Note also the cross-equatorial wind 318 anomaly in advance of this reduced warming of SSTs during the cold season, suggesting the importance of 319 meridional winds for the equatorial annual cycle [Mitchell and Wallace, 1992; Xie, 1994; Chang, 1994] . In 320 SCOAR, the reduction in SST warming takes place from March to October (Figure 4e ), associated with the 321 intensified southeasterlies followed by the southerly wind anomalies. 322 323
Why is there a reduced warming over the equatorial cold tongue? 324
An important ocean process for SST in the equatorial cold tongue is the vertical advection of temperature 325 (upwelling). Vertical mixing (diffusion) also changes in the model, but its magnitude is smaller than vertical 326 temperature advection (see black curve in Figure 11b ). Change in horizontal temperature advection is 327 discussed using a full three-dimensional heat budget analysis in Section 5. The vertical temperature 328 advection, z wT , under global warming can be simply decomposed into the four terms as follows: 329
where the temperature (T) and vertical velocity (w) are decomposed into the present-day condition ( ) and 331 the global warming perturbation ( * , GW-CTL). The subscripts denote partial derivatives. The first term on 332 the right hand side is the climatological upwelling in CTL, and the second term denotes the advection due to 333 the climatological vertical velocities acting on the anomalous temperature gradient, representing an ocean 334 dynamical thermostat mechanism proposed in the equatorial Pacific [Clement et al., 1996; Cane et al., 1997] . 335
The third term denotes the advection due to the anomalous vertical velocities acting on the climatological 336 temperature gradient. The last term is negligible. Figure 7 compares the annual mean magnitudes of the first 337 three terms of (1). Climatological upwelling is the largest cooling term throughout the equatorial Atlantic as 338 expected ( Figure 7a ). The second term in Figure 7b [1983] where the zonal flows are forced by cross-equatorial meridional wind. The linear response of the 366 ocean to this cross-equatorial southerly is to generate the northward (southward) surface (subsurface) 367 currents, with the downwelling (upwelling) at 3°N (3°S), forming a closed meridional circulation. The 368 southerly wind also introduces zonal currents through Ekman drift, generating westward (eastward) surface 369 current in the south (north) of the equator with weak opposite flows below the surface, where winds are of 370 secondary impact and the Coriolis force causes a weak equatorial current at right angles to the southward 371 pressure force. When the effect of nonlinear advection is taken into account, the surface meridional current 372 advects the westward surface momentum from the south to the north of the equator, hence generating 373 stronger westward flows in the north. This is accompanied by a large meridional shear of the zonal currents 374 at 3°N, indicative of the increased meridional shear between SEC and North Equatorial Counter Current 375 (NECC). A weak eastward subsurface current develops into a strong eastward jet in the south of equator, 376 which shifts the center of the EUC slightly southward and strengthens the EUC (see also Yu et al. [1997] ). 377
The response to idealized wind forcing is similar to what is illustrated in Figures 8a and 9 . The greater 378 increase in SCOAR currents is due to greater anomalies in cross-equatorial wind associated with the change 379 in large-scale atmospheric circulation. It is also possible that a strong TIW variability in SCOAR strengthens 380 the SEC and EUC through the vorticity flux convergence, a positive feedback via eddy-mean flow 381 interaction [Kug et al., 2010] . CM2.1 lacks this positive feedback without TIWs, leading to a weak low-382 frequency zonal current on the equator. 383
384
The strengthening of SEC/EUC and the increased shear in SEC/NECC by the meridional wind affects 385 dynamical instabilities that energize TIWs. The increase in these two types of energy source terms in the EKE equation leads to the intensified 395 variability of TIWs. Figures 10a,b (Figures 10c,d) show the maps of EKE (SST variance) defined as EKE= 396
, where the prime denotes a 20-40 day band-pass filtered field. Over the region where TIWs are 397 energetic, both these dynamic and thermodynamic measures of TIWs are enhanced by 31% and 36 % 398 respectively during JJA. In the annual cycle of EKE and SST variance (Figures 10e,f) , it is during the 399 upwelling season that eddy variability is most enhanced (May-September), when the cross-equatorial winds 400 are strong and cold tongue variability is tightly coupled to wind variability. 401 402
Upper ocean heat budget 403
TIWs significantly contribute to the heat budget of the equatorial ocean through eddy temperature advection. 404
Therefore, strengthened TIWs variability may play an important role in the equatorial heat budget under 405 global warming. This section diagnoses the change in eddy temperature advection by TIWs and assesses its 406 contribution to the heat balance within the cold tongue. 407
408
The governing equation for mixed layer temperature in the advective form is 409
where T is the temperature, horizontal diffusion is small in the heat budget of the high-resolution model [Jochum et al., 2005] . Other 420 unresolved processes are likely to be non-negligible [Wang and McPhaden, 1999] . On the equator, R 421 predominantly represents entrainment via vertical diffusion (not shown). 422
423
The horizontal and vertical advection terms in (2) can be further decomposed as, 424 mixing at the center of TIW vortices having large vertical motion [Menkes et al., 2006] . Overall, the total 461 three-dimensional eddy temperature advection leads to a net warming of the equator (Figure 12d and 462 magenta curve in Figure 11a) . 463 464 Figure 11b show the GW-CTL changes in major components of the heat budget. In GW, equatorial 465 upwelling increases slightly north of the equator (black curve), and so does the eddy temperature advection 466 (magenta curve). One important difference is that the former is driven by the large-scale circulation that 467 connects the increased meridional surface wind to equatorial upwelling velocities, while the latter is 468 generated by downscaling and counteracts the net impact of the former. Indeed this increase in net eddy heat 469 flux is the largest term that balances the cooling due to increased upwelling north of the equator. Advection 470 by mean current changes also exerts a warming effect (blue curve in Figure 11c ) while surface heat flux 471 change (red curve in Figure 11c ) is weakly negative due to the reduced shortwave radiation and heating by 472 strengthens. Note that the zonal advection shows the largest warming (red curve in Figure 11b and also 484 Figure 12 ). This is primarily due to the aforementioned structure of the SST gradient and the current 485 anomalies of TIWs in the present-day condition, which are both more strengthened under global warming 486 due to the stronger front and the westward SEC. The stronger currents, shears, and SST anomalies associated 487 with TIWs also increase the vertical temperature advection by TIWs, which tend to offset the warming effect 488 by the horizontal eddy advection. Overall, the change in net eddy advection significantly warms the 489 equatorial mixed layer with a peak displaced slightly to the north. Note also that it is this warming of cold 490 tongue by TIWs that reduces the surface heat flux into the cold tongue in SCOAR (Figure 5d ), while in 491 CM2.1, without TIWs, the cooling effect by equatorial upwelling induces greater net surface heat flux 492 anomalies into the ocean (Figure 5b) . 493 494
Conclusions and Discussion 495
Response of equatorial SST to global warming is affected by a number of processes, such as equatorial 496 upwelling [Clement et al., 1996] , subtropical-tropical interaction [Seager and Murtugudde, 1997; Liu, 1998 The main goal of this paper is to demonstrate that having TIWs in the equatorial oceans may bring advantage 505 to the interpretation of warming patterns since they produce sizable eddy heat flux that interacts with these 506 climate feedback processes. In order to better resolve TIWs, it is necessary to have the realistic equatorial 507 wind and currents, the sharp thermocline, and the strong air-sea interactions, which are under-represented in 508 the climate models with high ocean viscosity and coarse atmospheric resolution. In this study, we deliver a 509 new regional coupled dynamical downscaling technique to the climate modeling community for assessing 510 the regional aspects of global climate change. With better representation of the equatorial oceanic processes 511 including explicitly resolving TIWs, the regional coupled models can provide a useful guidance to improving 512 parameterization of the effect of TIWs in the GCMs and simulation of the equatorial climate thereof. 513
514
In this first coupled downscaling of climate change projections over the tropical Atlantic, SST warming is 515 reduced on the equator owing to the vertical temperature advection. The increased ocean upwelling in the 516 cold tongue is associated with the locally increased ocean vertical velocities on the equator (w * , the third 517 term in (1)), which are driven by the strengthening of the cross-equatorial surface winds. This is in contrast 518 to the tropical eastern Pacific, where the increased vertical heat transport is largely due to the enhanced 519 thermal stratification (dT * /dz, the second term in (1), DiNezio et al. [2009] ). The anomalous cross-equatorial 520 surface wind intensifies the zonal currents [Philander and Delecluse, 1983; Yu et al., 1997] that amplify the 521 dynamic instability associated with the horizontal and vertical shear of these currents. Studies show that most 522 of the EUC water upwells in the equatorial cold tongue, suggesting a negative correlation between EUC 523 transport and the cold tongue temperature [Hazeleger and de Vries, 2003; Hormann and Brandt, 2007] . This 524 is in line with the fact that CM2.1 is characterized by weak EUC and warm cold tongue, as opposed to the 525 SCOAR with stronger EUC and colder cold tongue. The increased baroclinic and barotropic instability of the 526 ocean intensifies EKE in the ocean and hence TIWs. The sizeable net eddy heat advection is important in the 527 anomalous heat budget, acting to warm the equatorial ocean and counter the effect of enhanced upwelling. If 528
TIWs were not part of the adjustment, the enhanced upwelling would lead to a greater reduction of SST 529 warming on the equator, causing larger surface heat flux anomalies into the ocean, which is happening in 530
CM2.1 531 532
The changes in mean state under global warming modify TIWs, which in turn feeds back to the upper ocean 533 heat balance through eddy temperature advection. Zonal advection by TIWs dominates this change in eddy 534 heat flux, suggesting a need for sustained monitoring of TIW variability with zonally dense observational 535 arrays. TIW-induced entrainment tends to offset the increase in the zonal eddy heat flux, because the warmer 536 SST and increased zonal SST gradients would lead to stronger turbulent mixing through the stronger fronts 537 and turbulent mixing. Moreover, increased thermal stratification strengthens the upwelling effect on SST on 538 the equator. The CGCMs that we use for projection of the future climate change still exhibit a wide range of errors in 552
reproducing the observed present-day climate of the tropical Atlantic [Richter and Xie, 2008] . Downscaling 553 such global model simulations improves some aspect of the climatic processes, as exemplified by the EUC, 554 cold tongue, and TIW in this study. However, the large-scale circulation in the regional model is inevitably 555 influenced by the boundary condition provided from such CGCMs. A thorough validation of the global 556 model simulations with the multiple instrumental measurements is an essential step towards the robust 557 assessment of the regional climate change in a regional coupled model. Alternatively, idealized experiments 558 with the prescribed climate change forcing (such as the intensified inter-hemispheric winds discussed in this 559 study) would allow an identification of the regional climate change signals without the issues due to such 560 biases in global models. (CMIP5) in order to explore their role in climate on broader scales. The current study is the first attempt at 570 the coupled dynamical downscaling of climate change projections. We hope that this exploratory research 571 will stimulate more coordinated regional coupled downscaling efforts for climate change scenarios using the 572 CMIP5 simulations to resolve spatial scales important for climate change projection and adaptation. 
